ABSTRACT A molybdenum-iron cluster (Mo-Fe cluster) containing 6 Fe atoms per Mo was isolated by methyl ethyl ketone extraction of component I of nitrogenase from Azotobacter vinelandii. The cluster has no EPR signal in the g = 4 region but has an intense signal at g = 2.05 and 2.01. After the cluster was transferred from methyl ethyl ketone to N-methylformamide, the signal in the g = 2 region disappeared and a signal similar tothat found with Fe-Mo cofactor appeared. The Mo-Fe cluster is the EPRactive center that undergoes reversible oxidation-reduction during catalytic turnover at the active site of the enzyme. In contrast to the Fe-Mo cofactor, which.contains 8 Fe atoms per Mo, the Mo-Fe cluster failed to activate either inactive component I in extracts ofA. vinelandii mutant strain UW45 or tungsten-containing component I from wild-type A. vinelandii. On the other hand, the Mo-Fe cluster showed as much acetylene-reduction activity with sodium borohydride as the reductant as did -the Fe-Mo cofactor. Like nitrogenase-dependent and Fe-Mo cofactor-dependent acetylene reduction, the Mo-Fe cluster-dependent acetylene reduction is .strongly inhibited by .carbon. monoxide.
An iron-molybdenum cofactor (FeMo-co) isolated from component I (FeMo protein) ofnitrogenase has been used to activate inactive nitrogenase in extracts of certain mutants defective in component I (1) (2) (3) . Inactive component I in an extract of Azotobacter vinelandii derepressed for nitrogenase synthesis in a Mo-deficient, W-containing medium also can be activated in vitro by FeMo-co (1, 3) . FeMo-co, isolated by N-methylformamide extraction from component I, contains 8 nonheme Fe atoms per Mo (1) . Six of these 8 Fe atoms (and perhaps Mo) are responsible for the electron paramagnetic resonance (EPR) active center (known as MEPR) that undergoes reversible oxidation-reduction during catalytic turnover of the enzyme (4) (5) (6) . Another center (known as S) accounts for approximately 5-6% Fe in.component 1 (6, 7) but it is not known whether this center is a part of the FeMo-co. A molybdenum-iron cluster (Mo-Fe cluster) has been extracted from component I with methyl ethyl ketone. The properties of this cluster and its comparison to FeMo-co are described here.
MATERIALS AND METHODS
The wild-type organism used was A. vinelandii OP. Mutant strain UW45, which can be activated in vitro by FeMo-co, has been described (3). The conditions for growth, derepression of nitrogenase synthesis, preparation of extracts, activation of inactive nitrogenase, and conditions for assays have been reported (1, 3, 8, 9) . Component I of nitrogenase from A. vinelandii was crystallized'by the method of Shah and Brill (10) . FeMo-co was isolated by N-methylformamide extraction (1) . Acetylene reduction in the presence of sodium borohydride was carried out as reported (11) . Methyl ethyl ketone (Fisher Scientific, Fairlawn, NJ) and N-methylformamide (Aldrich) were distilled before use. Other chemicals used were ofanalytical grade available commercially. Except when the organism was cultivated on a large scale, glass-distilled water was used throughout this work and acid-cleaned glassware was used when necessary. The Nmethylformamide solution contained 15 mM 2-mercaptoethanol, 5 mM Na2HPO4, 1.25 mM sodium dithionite, and 4% water. Sodium dithionite was added as 0.1 M solution in 13 mM NaOH.
Fe (12) and Mo (13) contents were determined by published methods. Fe and Mo standard solutions were obtained from Fisher Scientific. Samples for Mo analysis were prepared by the wet-ashing method of Bulen and LeComte (14) .
RESULTS AND DISCUSSION
Isolation of the Mo-Fe Cluster. All operations were carried out at 0-40C under an argon atmosphere unless otherwise specified. Approximately 40 mg of crystalline component Tin 2 ml of250 mM NaCl in 25 mM Tris HCl buffer, pH 7.4, was layered with 5 ml of methyl ethyl ketone saturated with 10 mM sodium dithionite. Then 45 A.l of4 M HC1 was added, the contents were mixed for 8-10 sec, and the sample was centrifuged immediately at 10,000 X g for 10 min. The dark-brown methyl ethyl ketone layer was dried with Na2SO4 and transferred to a double-septum container flushed with argon. Mercaptoethanol was added to a final concentration of 15 mM. The Mo-Fe cluster was diluted with N-methylformamide solution and the methyl ethyl ketone was removed by evaporation with a freeze dryer. The Mo-Fe cluster in N-methylformamide solution was used for all studies unless otherwise specified. Recovery The Mo-Fe cluster (containing 370 nmol of Mo in 2 ml of Nmethylformamide solution) was applied to an anaerobic Sephadex G-100 column (46 x 1 cm) in N-methylformamide solution.
The column was eluted with N-methylformamide solution at a flow rate of 12 mVhr at room temperature. Three-milliliter fractions were collected anaerobically and analyzed for Fe and Mo. The results are presented in Fig. 1 . The Mo-Fe cluster was eluted as a single peak and the recovery of Fe and Mo in this peak was 97%. The Fe/Mo ratio in different fractions ofthe peak was 6.0 ± 0.5:1.0. This clearly demonstrates that the Fe and Mo is an integral part of the cluster. The cluster obtained from the column has the same properties (discussed below) as the sample applied to the column.
The Mo-Fe cluster was assayed to determine if it could activate inactive component I in extracts of strain UW45. Under the conditions in which there was better than 98% reconstitution of inactive component I by FeMo-co in extracts of strain UW45, the Mo-Fe cluster showed no activation ( did not affect component I activity. As soon as acidified component I was extracted with methyl ethyl ketone, ability to activate inactive component I was lost. The Mo-Fe cluster showed as much activity as FeMo-co in acetylene reduction assays in the presence of sodium borohydride (Table 1) . Like nitrogenase-dependent (15) and FeMo-codependent acetylene reduction (11), the Mo-Fe cluster-dependent acetylene reduction was strongly inhibited by carbon monoxide. In acetylene reduction catalyzed by either Mo-Fe cluster or FeMo-co, at least 99% of the product formed was ethylene.
The Mo-Fe cluster did not show any EPR signal at g = 4.6 and 3.3, but had an intense signal of the high-potential iron-sulfur protein (Hipip) type at g = 2.05 and 2.01 (Fig. 2) . Upon addition of mercaptoethanol to this Mo-Fe cluster in methyl ethyl ketone, the EPR signal intensity decreased to about 40% compared to the untreated sample, with small but discernible changes in g values of the signal. This decrease in signal intensity may be due to partial reduction by mercaptoethanol. Upon transfer of the Mo-Fe cluster from methyl ethyl Biochemistry: Shah and Brill 3440 Biochemistry: Shah and Brill ketone to N-methylformamide solution, the Hipip-type signal at g = 2 disappeared and the FeMo-co-type signal appeared. When the Mo-Fe cluster was transferred from methyl ethyl ketone to N-methylformamide solution in the absence of mercaptoethanol, EPR spectra similar to those of FeMo-co were observed,.but the spectral changes were not always reproducible. This may indicate that the Mo-Fe cluster may be more labile, in the absence of mercaptoethanol, than FeMo-co.
The metal cluster, known as MEPR, accounts for 6 Fe atoms per Mo (4, 6) in FeMo-co and component I and is responsible for the EPR-active center that undergoes reversible oxidation-reduction during catalytic turnover of the enzyme (5, 16, 17) . The Mo-Fe cluster contains 6 Fe atoms per Mo. It seems that we have isolated the MEPR center from the active site of nitrogenase.
The EPR spectra of the Mo-Fe cluster (in N-methylformamide solution) are basically the same as observed for FeMo-co and component I. The broader EPR spectra and shifts in g values reflect differences in the ligand environment in N-methylformamide solution. 
